Germanium has become a material of high interest for mid-infrared (MIR) integrated photonics due to its complementary metal-oxide-semiconductor (CMOS) compatibility and its wide transparency window covering the 2-15 µm spectral region exceeding the 4 µm and 8 µm limit of the Silicon-on-Insulator (SOI) platform and Si material respectively. Here, we present suspended germanium waveguides operating at wavelengths of 3.8 µm and 7.67 µm with propagation losses of 2.9 ± 0.2 dB/cm and 2.6 ± 0.3 dB/cm respectively.
INTRODUCTION
Mid-infrared (MIR) group IV photonics has become attractive for the development of various devices for gas, chemical and biological sensing [1] as well as for spectroscopic applications [2] . This is due to the fact that vibrational transition energies of numerous molecules fall in the wavelength range of 3-20 µm. These energies are translated into molecular absorption spectra in this range which contain intense and distinctive features, providing a unique 'molecular fingerprint' that is detectable using photonic devices. For example, the absorption of methane (CH 4 ) in the MIR is 150 times stronger in the 3-3.5 µm and 50 times stronger in the 7-8 µm wavelength regions than in the near-infrared (NIR) [3] .
MID-INFRARED SILICON PHOTONIC PLATFORMS
SOI [4, 5] has been the dominant platform for the development of photonic devices for the NIR due to the mature and well-developed fabrication techniques of SOI wafers as well as the availability of the material and experience in developing NIR photonic devices and circuits. However, the high absorption of SiO 2 above 4 µm (i.e. ∼450 dB/cm at 5 µm, rising to ∼2.5×10 4 dB/cm at 7.6 µm) [6] renders SOI unsuitable for MIR applications at wavelengths longer than 4 µm. Therefore, alternative platforms to SOI need to be investigated in order to enable the development of devices which will operate at wavelengths longer than 4 µm. Recent developments present an approach to overcome the optical mode overlap with SiO 2 by suspending the Si waveguide core. In [7, 8, 9] two dry-etch steps were carried out to initially define the Si (or Ge) rib waveguide, and then to define an array of holes alongside the waveguide through which access to the buried oxide (BOX) is granted in order for it to be locally removed by wet etching in hydrofluoric (HF) acid. In [10, 11, 12] an alternative approach was presented that consists of a strip waveguide with subwavelength grating (SWG) holes. These holes act as both a cladding for the lateral confinement of the optical mode as well as access to the BOX. Using this approach, a minimum propagation loss of 0.82 dB/cm at 3.8 µm [11] and 3.1 dB/cm at 7.67 µm was achieved [12] . The same approach has recently been implemented to develop suspended Si slot waveguides at 2.25 µm [13] . Nevertheless, the intrinsic absorption of silicon at wavelengths longer than 7.7 µm (i.e. ∼2.1 dB/cm at 7.67 µm, increasing to 4.6 dB/cm at 9 µm and 9.3 dB/cm at 11 µm) [14] renders silicon-based MIR integrated devices unable to operate in the long-wave infrared fingerprint spectral region (8-15 µm).
Recently, germanium has attracted great interest as a material for the development of MIR integrated photonics due to its complementary metal-oxide-semiconductor (CMOS) compatibility, wide spectral transparency window (2-15 µm) [15] , high refractive index (n ∼ 4 at 7.67 µm) and high third-order nonlinear susceptibility (∼ 10 −18 m 2 /V 2 ) [15] . These features enable the expansion of the wavelength range that can be exploited beyond the 8 µm limit that is set by the absorption of Si. Since 2012 numerous photonic devices for the MIR have been developed using germanium-based platforms, including germanium-on-silicon (GOS) waveguides, demonstrating a propagation loss of 2.5 dB/cm at 7.58 µm [16] and less than 10 dB/cm at wavelengths as long as 11.25 µm [17] , and other passive devices [18] , germanium-on-SOI waveguides [19] , germanium-on-Si 3 N 4 waveguides [20] , germanium-on-insulator (GOI) waveguides [21, 22] , SiGe/Si waveguides [23, 24, 25] and suspended germanium devices [8, 9, 26, 27] at wavelengths up to 3.8 µm.
By suspending the Ge layer the material losses from any claddings are eliminated and this is the principal advantage of this approach towards the exploitation of the entire transparency range of Ge. A further advantage of suspended Ge over the GOS platform is that it has a high and symmetrical refractive index contrast between the core and upper and lower air claddings. In the case of GOS, there is a high index contrast between the Ge core (∆n ≈ 3.0 at 7.67 µm) and upper air cladding, but low contrast with the Si lower cladding (∆n ≈ 0.6 at 7.67 µm). As a result, thicker rib waveguides are needed for the mode confinement which in turn results in a weak mode overlap of the evanescent field with the upper air cladding. Therefore, suspended Ge enables the development of thinner waveguides that exhibit larger evanescent field. This is a great advantage for sensing applications, in terms of sensitivity, where high mode overlap with an analyte surrounding the waveguide is desirable.
Here we present suspended Ge waveguides with a propagation loss of 2.9 dB/cm and 2.6 dB/cm at wavelengths of 3.8 µm and 7.67 µm respectively. Our suspended Ge platform is expected to enable diverse on-chip applications in sensing and spectroscopy over a wide MIR spectral range, which in turn will boost the development of MIR germanium photonics.
A schematic representation of the demonstrated suspended waveguide is illustrated in Figure 1 . 
SIMULATION AND DESIGN
Light is guided by a suspended Ge rib waveguide of thickness t Ge , using Ge-on-SOI as the initial platform. This Ge layer was grown by reduced pressure chemical vapour deposition (RPCVD) on SOI wafers. In the case of the 1 µm thick Ge the Si layer was initially thinned from 220 nm down to 60 nm, using a combination of wet and dry oxidation steps and HF etching. This results in the reduction of the wet etching time required to fully remove the Si layer afterwards. The BOX was of thickness t BOX .
The rib waveguides were designed for single transverse electric (TE) mode propagation at λ = 3.8 µm and 7.67 µm, with waveguide thickness t Ge , width W wg , and etch depth t Ge − t slab (Figure 1 ). The slab thickness was selected with both mechanical stability and mode confinement through bends in mind. The holes providing access to the BOX were of dimensions: hole width W hole , hole length L hole , period Λ hole and separation width W sep (Figure 1 ) and they were designed such that their interaction with the propagated mode is minimized.
In order to couple light in and out of the waveguides, non-suspended 2D grating couplers were used. By designing the gratings to be 2-D and partially etched, the back reflections due to the high refractive index contrast are minimized; hence, due to the partial etch, suspending them could only be achieved via holes alongside the 20 µm wide grating region. This would result in a dramatic increase of the wet etching time, thus potentially compromising the mechanical stability of the waveguides. In addition, in this initial waveguide demonstration, high excess loss from SiO 2 absorption in the grating coupler and access waveguide region was not a major concern. A schematic of the grating coupler design is shown in Figure 2 . The dimensions of the waveguides and the grating couplers for λ = 3.8 µm and 7.67 µm are indicated in Table  1 . The duty cycles on the x and y axes are defined as DC x = (1 − l gr,air )/Λ gr,x and DC y = (1 − w gr,air )/Λ gr,y respectively. 
Λ gr,xy = 1 µm Λ = 3 µm Λ gr,xy = 1 µm t Ge = 400 nm DC y = 0.7 t Ge = 1 µm DC y = 0.7 t Slab = 150 nm l gr = 115 µm t Slab = 700 nm l gr = 115 µmsufficient air gap separating the waveguide from the substrate becomes a crucial requirement for operation at longer wavelengths. Figure 3 shows the loss of the fundamental TE mode in a waveguide of dimensions as indicated in Table 1 , due to leakage to the substrate as a function of the air gap thickness. It is apparent that at wavelengths longer than 12 µm the 3 µm air gap becomes insufficient for the mode confinement in the waveguide. Table 1 [28].
FABRICATION
The fabrication process of the 400 nm thick Ge is explained in [27] . For the 1 µm thick Ge the starting point was to deposit a thin layer (100 nm) of SiO 2 using plasma enhanced chemical vapour deposition (PECVD) on the initial Ge-on-SOI stack (Figure 4(a) ). The role of this layer is to prevent the formation of GeO 2 by the O 2 plasma during stripping of the photoresist using the plasma asher. This is due to the fact that GeO 2 is soluble in water with a solubility of 4.47 g/L at 25°C and 10.7 g/L at 100°C [29] . This would cause the formation of roughness when performing any wet process containing water including diluted HF, resulting in higher propagation losses due to surface roughness. Upon deposition of the protective layer of SiO 2 , the samples were spin-coated with ZEP-520A resist and patterned using electron-beam (e-beam) lithography. The first lithography step was carried out to define the waveguides and the grating couplers. Then the sample was developed by submerging it in a solution of ZED-N50 developer. After exposing, the following step was etching the exposed SiO 2 and Ge using inductively coupled plasma (ICP) (Figure 4(b) ). After stripping the remaining resist using a plasma asher, the previous set of steps was carried out again to define the holes. The second dry etch step etched the exposed SiO 2 and the remaining Ge slab as well as the Si layer down to the BOX (Figure 4(c) ). Once the remaining resist was removerd, the sample underwent two wet etch steps. First, the sample was immersed in a diluted solution of 7:1 isotropic hydrofluoric (HF) acid for 80 minutes, which resulted in the local removal of the BOX. Then the sample was immersed in a 25% aqueous solution of anisotropic tetramethylammonium hydroxide (TMAH) at room temperature for 60 minutes which resulted in the complete removal of the Si layer as well as part of the Si substrate increasing the air gap below the waveguide (Figure 4(d) ). Due to the 4.2 % lattice mismatch between Ge and Si, Ge epitaxial layers on Si substrates have typical Threading Dislocation Density (TDD) in the order of 10 6 -10 7 cm −2 with the defects primarily being confined to the Ge-Si interface. This results in less mode interaction with the lower Ge interface reducing the propagation loss. The whole fabrication process flow is illustrated in Figure 4 . Figure 5 shows a scanning electron microscope (SEM) image of a cross section of a fabricated suspended Ge waveguide with the Si layer and BOX locally removed.
CHARACTERIZATION
The experimental setup utilized to characterize the fabricated waveguides is described in more detail in [12] . The effective cutback method was used to measure the waveguide propagation loss by comparing the transmittances of waveguides having different lengths. Then the experimental data were fitted and the propagation loss was extracted. Figure 6 shows the measured propagation losses of 2.9±0.2 dB/cm at 3.8 µm and 2.6±0.3 dB/cm at 7.67 µm. At these wavelengths material losses of Ge are negligible [30] . In addition, according to simulations, in the case of the 400 nm thick Ge the loss due to mode leakage to the substrate at 3.8 µm is negligible, whereas in the case of the 1 µm thick Ge for an air gap of 3 µm the loss is 0.3 dB/cm at 7.67 µm, decreasing to 2.4 × 10 −2 dB/cm for an air gap of 3.5 µm. Therefore, the propagation loss is likely caused by scattering at the waveguide side-walls and by defects due to threading dislocations in the Ge at the Ge-Si interface emanating from the 4.2% lattice mismatch between Ge and Si. Using the model for the calculation of the scattering loss due to side-wall roughness in [31] , the standard deviation of the roughness (σ) corresponding to the propagation loss measured in this work for a correlation length of L c = 50 nm would be σ = 9 nm at 3.8 µm and σ = 15 nm at 7.67 µm for Ge thicknesses of 400 nm and 1 µm respectively. The source of propagation loss cannot be accurately defined as no atomic force microscopy (AFM) measurement of the sidewall roughness was taken. 
CONCLUSION
We have designed, fabricated, and characterized suspended germanium waveguides at wavelengths of 3.8 µm and 7.67 µm with measured propagation losses of 2.9±0.2 dB/cm and 2.6±0.3 dB/cm. These results show that suspended germanium waveguides fabricated using Ge-on-SOI wafers have the potential to be used throughout the MIR transparency window of germanium and for sensing applications above 8 µm.
